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A b s t r a c t  




physical	 systems	 to	 community	 resilience.	 A	 nonlinear	 damping	 strategy	 for	 braced	 frame	
structures	 is	 introduced	 incorporating	 capped	 levels	 of	 damping	 forces.	 The	 study	 shows	 the	
effect	of	having	control	of	damping	forces	in	nonlinear	analysis	and	the	importance	of	limiting	
energy	dissipation	to	rational	levels.	The	issue	of	sliding	mass	is	also	studied	to	determine	the	
contribution	 to	energy	 loss	and	 the	effect	 to	overall	 response.	The	 results	 indicate	a	need	 to	
incorporate	this	effect	in	stiff	structures	with	intentionally	decoupled	mass	such	as	data	centers.	
Finally,	 a	 discussion	 on	 dual	 system	 structures	 under	 plastic	 deformation	 in	 a	 post	 event	










I n t r o d u c t i o n  
	 Structural	health	monitoring	 is	a	highly	studied	 field	of	engineering	 that	spans	various	
types	of	 infrastructure	(buildings,	dams,	bridge,	planes,	etc.).	Due	to	the	restrictions	of	a	fully	
sensored	system,	many	methods	of	evaluation	contemplate	sparse	instrumentation	concerns	in	




(CSN),	which	 is	 responsible	 for	distributing	and	 interpreting	 this	new	type	of	data	 in	order	 to	
prepare	for	large	scale	events	in	the	future.		





















U.S.	building	codes	mandate	the	use	of	a	dual	 lateral	 system	 in	braced	 frame	building	
structures	over	a	certain	height	 in	high	seismic	regions.	 	This	dual	system	requirement,	which	
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C h a p t e r  1  
CONTRIBUTIONS TO THE COMMUNITY SEISMIC NETWORK, STRUCTURAL 




















These	 types	 of	 methods	 are	 often	 not	 required	 and	 are	 only	 implemented	 when	 included	 in	 the	
specifications	of	a	project.	Further,	 their	 implementation	on	a	 large	structure	over	many	thousands	of	
potential	damage	locations	is	not	a	practical	means	of	determining	where	flaws	and/or	damage	may	be	
located.	
Given	 the	 impracticality	 of	 localized	 damage	 detection	 strategies	 on	 a	 full	 scale	 structure,	
techniques	 based	 on	 overall	 structural	 response	 have	 been	 studied	 for	 many	 years	 in	 the	 field	 of	
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in	how	 to	better	assess	 the	built	environment	at	a	 scale	 that	 is	unprecedented.	Key	 to	 this	network’s	
functionality	is	low-cost	instrumentation	and	cloud-based	data	management,	which	allows	for	a	robust,	


























Instrumentation	 programs	 similar	 to	 those	 found	 in	 Los	Angeles	 have	 become	more	 common	
place	in	recent	years,	but	still	lack	the	density	of	instrumentation	on	every	floor.	The	sparseness	of	this	



















An	 alternative	 to	 these	 high	 fidelity	 models	 is	 to	 create	 lower	 order	 models	 based	 on	 the	
fundamental	mechanics	of	a	building	type	structure.	Buildings	tend	to	have	a	significant	portion	of	the	
mass	of	 the	structure	placed	at	 the	 floor	 level	of	a	building.	As	 such,	a	 common	practice	 in	 structural	






















computational	 space,	 and	 restraining	 all	 but	 one	 of	 those	 degrees	 of	 freedom,	 an	 analysis	 can	 be	









single	value	can	be	processed	 for	each	and	every	degree	of	 freedom	of	 interest	and	will	populate	 the	
diagonal	of	the	stiffness	matrix.	
	 #"," = &"!"	 (1.1)	
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	The	rest	of	 the	column	of	 the	stiffness	matrix	 is	a	 result	of	examining	the	reactions	at	all	 subsequent	
degrees	of	freedom	(Rl)	and	dividing	by	displacement	magnitude	at	degree	of	freedom	n.	

























	 :" = <=@?",=A=B* 	 (1.6)	
Oftentimes	programs	default	to	reporting	the	polar	moment	inertia	about	the	vertical	axis	at	the	origin	of	
a	model.	 If	 polar	 inertia	 is	 provided	 this	way,	 the	 parallel	 axis	 theorem	 can	 be	 used	 to	 translate	 the	
coordinates	of	interest	in	the	model	by	the	distance	d.			
	 :"_EFA = :"_GHIJ=FKF − ?"M@	 (1.7)	
Next	 a	 linear	 damping	 matrix	 consistent	 with	 the	 intended	 behavior	 of	 the	 structure	 is	
constructed.	 There	 are	 many	 potential	 linear	 damping	 strategies	 used	 in	 the	 development	 of	
computational	 models.	 One	 of	 the	 most	 common	 is	 Rayleigh	 damping,	 discussed	 later	 in	 this	 thesis	
(Section	2.1),	and	implemented	in	subsequent	studies	using	reduced	order	models.	
This	application	of	computational	condensation	was	implemented	for	a	52	story	building	model	
(Section	1.4.1)	 for	 translational	degrees	of	 freedom	at	every	 floor	of	 the	 structure.	Table	1.2	 shows	a	

















1 5.903 5.903 5.574 5.572
2 1.673 1.673 1.642 1.642
3 0.872 0.871 0.909 0.908
4 0.597 0.598 0.686 0.684

















object’s	 health	 (ex.	 Immediate	Occupancy,	 Life	 Safe,	 Collapse	Prevention),	 similar	 to	 the	performance	
objectives	described	in	documents	such	as	ASCE	41-13.	









Angeles	 basin.	 This	 is	 much	 less	 then	 the	 desired	 level	 of	 density	 for	 refined	 seismology	 in	 urban	
monitoring.	The	variability	of	ground	motions	recorded	by	nearby	stations	is	high	and	not	easily	estimated	
unless	the	station	spacing	is	reduced	to	about	1	km	or	less	(Instrumentation	Guidelines	for	the	Advanced	









fragilities	 of	 a	 particular	 structure.	 Figure	 1.1	 shows	 the	 form	 of	 typical	 fragility	 curves	 used	 in	 the	
ShakeCast	program.	Critical	to	the	evaluation	of	the	structure	is	the	peak	ground	characteristic	used	on	
the	 x-axis	 to	 define	 the	 seismic	 hazard	 exposure	 to	 the	 structure.	 The	 level	 of	 accuracy	 of	 these	
measurements	is	ambiguous	at	best	with	the	sparse	instrumentation	that	is	currently	available	in	many	









environment	 to	develop	a	densely	 instrumented	Los	Angeles	basin.	These	 instruments	were	originally	
meant	for	home	owners	and	were	deployed	by	connecting	a	small	accelerometer	via	USB	to	a	desktop	






























This	 increase	 in	 instrumentation	 and	 cost	 would	 be	 a	 significant	 burden	 on	 owners	 and	 developers,	








gives	added	confidence	 in	our	model	 for	 future	 studies	and	evaluation.	Alternatively,	 if	 the	 responses	























of	 this	 braced	 core	 are	 cruciform	 in	 shape	 and	 offer	 similar	 bending	 inertia	 properties	 about	 either	
orthogonal	axis.	These	cruciform	column	elements	are	connected	throughout	the	height	of	the	structure	




the	 fundamental	 period	 of	 the	 building	 from	 5.903s	 to	 9.302s	 (a	 57.5%	 increase),	 indicating	 the	
importance	of	these	moment	frame	connections	over	the	height	of	the	tower.	
Building	 A,	 and	 other	 buildings	 like	 it,	 have	 many	 potential	 locations	 where	 damage	 could	
potentially	 exist	 or	 develop	 over	 time.	 The	 main	 potential	 failure	 mechanisms	 in	 this	 structure	 are	































The	 computational	model	 from	ETABS	was	 initially	modeled	with	 flexible	diaphragm	action	 to	
better	account	for	the	total	physics	of	the	structure.	When	these	results	were	compared	with	the	modal	




















Mode E-W N-S T
1 5.903s 5.574s 5.252s
2 1.673s 1.642s 1.870s






and	 serves	 as	 the	 main	 administration	 building	 on	 campus.	 The	 building’s	 lateral	 system	 consists	 of	



























Mode E-W N-S T
1 0.900s 1.117s 0.945s
2 0.307s 0.352s 0.292s






1.4.4 Building D 	
Building	D	 is	 a	 15	 story	 building	 in	 downtown	 Los	Angeles.	 The	moment	 frame	 structure	was	








Mode E-W N-S T
1 1.467s 0.806s 0.492s
2 0.506s 0.382s 0.364s











can	 then	 be	 used	 as	 a	means	 of	 behavioral	 assessment	 after	 a	 significant	 event	 to	 determine	 if	 any	
component	neared	a	failure	state.		
In	the	case	of	Building	A,	there	are	two	main	components	to	the	lateral	system	where	intended	
nonlinear	 mechanisms	 exist.	 They	 are	 the	 braces	 of	 the	 core	 and	 the	 beam	 ends	 of	 the	 continuous	
outrigger/moment	frame.	Given	a	ground	motion,	the	verified	forward	model	response	can	be	used	as	a	
benchmark	for	potential	damage	prior	to	any	nonlinear	events.	




produced	minimal	stress	on	 the	system,	but	offers	 insight	 into	how	assessment	 from	a	computational	
model	could	be	used	to	do	a	higher	order	evaluation	of	a	structure	as	opposed	to	reduced	order	systems	
mentioned	earlier.	




Mode E-W N-S T
1 3.189s 3.189s 3.290s
2 1.236s 1.208s 1.231s




To	 evaluate	 the	 brace	 sections,	we	 assume	 that	 all	 connections	 are	 sufficient	 to	 develop	 the	
strength	of	the	section	in	tension	and	compression,	and	merely	apply	the	AISC	design	equations	for	design	
in	compression	and	tension.	Tension	strength	is	based	on	the	yield	strength	of	the	material	(in	this	case,	
A992	 steel	 is	 used	 with	 Fy=50ksi).	 For	 compression	 strength,	 inelastic	 and	 elastic	 buckling	 limits	 are	
investigated	based	on	AISC	provisions.		













































































































In	 the	 building	 arrays,	 acceleration	 data	 is	 also	 useful	 and	 often	 used	 as	 a	 metric	 for	 nonstructural	
components	 damage	 (Taghavi,	 2003).	 Here	 peak	 floor	 accelerations	 are	 used	 with	 fragility	 curves	 to	






















While	 acceleration	 data	 is	 useful,	 displacement	 data	 is	 often	 used	 as	 a	 primary	 metric	 for	
structural	response.	Given	the	displacement	in	a	building	over	time	at	every	floor,	secondary	calculations	
such	as	 inter-story	drifts	are	also	useful	to	determine	local	shear	strains	within	a	structure.	These	drift	
values	 can	 be	 used	 as	 a	 valuation	 of	 damage	 in	 a	 structure	 from	both	 a	 structural	 and	 nonstructural	
components	perspective.	
CSN	has	developed	a	web	based	display	that	broadcasts	this	data	to	the	end	user	via	their	web	
browser.	 The	 acceleration	 response	 of	 each	 floor	 is	 double	 integrated	 to	 develop	 the	 displacement	
response	 over	 time	 of	 the	 structure.	 These	 displacement	 responses	 are	 used	 at	 every	 time	 step	 to	
calculate	localized	story	drifts	(N)	in	the	system	








response	 between	 floors	 based	 on	 a	 number	 of	 modes	 used	 in	 the	 fit.	While	 this	 creates	 a	 level	 of	
abstraction	from	the	data	during	the	real	time	display,	this	fit	 is	only	used	to	make	the	display	appear	
more	 realistic.	 All	 local	 measurements	 associated	 with	 peak	 values	 (drift,	 acceleration,	 etc.)	 are	
independent	 of	 these	 results,	 and	 are	 based	 on	 the	 raw	 analytics	 and	 stored	 with	 peak	 values	 over	
predetermined	time	intervals.	
To	develop	the	modal	fit,	we	take	results	from	the	eigen	analysis	of	any	ETABS	model	and	store	









	 RTUV!(P) = Q=(RTUVR=)S=B* 	 (1.10)	
Based	on	modal	orthogonality	principles,	for	all	modes	where	i≠k,	the	quantity	on	the	right	hand	side	is	
zero,	and	therefor	we	can	drop	the	summation	sign	and	only	work	with	mode	k.	
	 RTUV!(P) = 	 QT(RTUVRT) = QTWT 	 (1.11)	
where	WT 	is	the	modal	mass.	We	can	now	solve	for	the	modal	coordinate.	
	 QT = RTUV!(P)	WT 	 (1.12)	
Therefor	 every	mode’s	 contribution	 to	 the	measured	 displacement	 field	!(P)	 is	 the	 summation	 of	?	
modes	multiplied	by	there	modal	coordinate	QT.		
To	implement	this	technique	on	various	structures,	the	display	requires	knowledge	of	the	mass	




























This	 is	 a	 summary	 of	work	 from	 the	 paper	 “Downtown	 Los	 Angeles	 52-Story	High-Rise	 and	 Free	 Field	












to	 the	 source	 explosion	 (see	 Figure	 1.19).	 After	 filtering,	 the	 measurements	 had	 peak	 acceleration	
amplitudes	of	0.02%g	and	corresponded	to	a	maximum	displacement	of	.03mm.	Based	on	this,	an	attempt	
was	made	to	quantify	the	blast	pressure	wave	over	the	height	of	the	structure.	
































	 V! P + X! P + 0! P = Y(P)	 (1.13)	































	 Y* + 12 ]^*@ + ]_ℎ* = Y@ + 12 ]^@@ + ]_ℎ@	 (1.15)	
In	the	case	of	wind,	the	kinetic	energy	of	the	wind	particles	is	converted	directly	into	a	pressure,	reducing	
Eq.	1.15	to		




	 . 591^S/d@ = YGE	 (1.17)	
This	resulted	in	a	wind	speed	of	3.6	m/s	(8	mph).	This	overall	methodology	was	validated	for	a	wind	data	
collected	 on	 March	 24th	 of	 2015,	 and	 was	 compared	 with	 measurements	 made	 by	 an	 independent	




Damage	detection	 in	structural	health	monitoring	 is	 the	 focus	of	many	studies	 in	 the	research	
community.	Various	computational	techniques	have	been	explored	and	developed	to	ascertain	damage	













































1 20 21 22 23 24 0.001
2 25 26 27 28 29 0.001
3 30 31 32 33 34 0.001
4 35 36 37 38 39 0.001
5 40 41 42 43 44 0.001
6 20 21 22 23 24 0.1
7 25 26 27 28 29 0.1
8 30 31 32 33 34 0.1
9 35 36 37 38 39 0.1
10 40 41 42 43 44 0.1
11 20 21 22 23 24 0.5
12 25 26 27 28 29 0.5
13 30 31 32 33 34 0.5
14 35 36 37 38 39 0.5
15 40 41 42 43 44 0.5
16 20 21 22 23 24 0.8
17 25 26 27 28 29 0.8
18 30 31 32 33 34 0.8
19 35 36 37 38 39 0.8
20 40 41 42 43 44 0.8
21 20 21 0.001
22 30 31 0.001
23 40 41 0.001
24 20 21 0.1
25 30 31 0.1
26 40 41 0.1
27 20 21 0.5
28 30 31 0.5
29 40 41 0.5
30 20 21 0.8
31 30 31 0.8













45 25 45 0.001
46 25 35 0.001
47 25 45 0.1
48 25 35 0.1
49 25 45 0.5
50 25 35 0.5
51 25 45 0.8
52 25 35 0.8
53 25 45 .001/.0005
54 25 45 .0005/0.001
55 25 45 .1/.05
56 25 45 .05/.1
57 25 45 .5/.25
58 25 45 .25/.5
59 25 45 .8/.4

































































With	 dense	 instrumentation,	 clear	 variations	 in	wave	 propagation	 are	 often	 observable	when	
there	is	significant	impedance	introduced	to	a	structure.	These	variations	(or	reflections)	become	less	and	
less	obvious	when	the	level	of	damage	is	reduced.	Figure	1.22	shows	the	response	of	a	structure	where	
damage	 is	 isolated	 to	one	 floor,	but	where	 the	 level	of	 reduction	 in	 stiffness	 is	 continuously	 reduced.	








in	 impedance	 of	 wave	 forms	 to	 create	 images	 of	 structure.	 Radon	 transforms	 are	 a	 technique	 for	
25% Damage
95% Damage 85% Damage 75% Damage
50% Damage
Damage Scenario 1 Variable Damage Noise Scale 0
34	
	
measuring	 impedance	 within	 a	 body	 when	 direct	 measurements	 can	 not	 be	 made.	 This	 transform	
integrates	a	three-dimensional	space	(e(f, g))	via	a	defined	path	of	straight	lines	(S).	For	a	given	line	S,	
the	radon	transform	((h)	is	given	by		











Waves propagate at 
higher velocities 
Primary reflections, 




















Treating	 damage/impedance	 contrast	 as	 a	 potential	 scatterer	 of	 a	 wave,	 the	 following	 is	 a	
technique	using	template	matching	to	isolate	reflections	within	a	structure.	When	a	wave	travels	through	




Figure	1.24(a)	 and	 (b)	 shows	a	minimally	damaged	and	undamaged	 structure	 response	with	a	
broadband	Gaussian	 input	at	 the	base.	When	 the	 level	of	damage	 is	 low,	 it	 is	difficult	 to	observe	 the	







	(a)	 	 	 	 				(b)	 	 	 	 												(c)	
Figure	1.24	 Undamaged(a),	 damaged(b),	 and	 difference(c)	 of	 Gaussian	 input	 to	 Building	 A.	
[correspondence	with	Clayton	2015]	









Greens	 functions	 for	 every	 possible	 damage	 location	 would	 be	 a	 daunting	 task;	 however,	 in	 a	
computational	framework,	the	work	is	relatively	straightforward.	




























































Building	A’s	 relative	stiffness	of	braced	core	 to	moment	 frame	suggests	a	precursor	 to	 further	
damage	that	would	 result	 from	 initial	brace	damage	 (as	was	seen	 in	Section	1.5).	As	such,	all	damage	
41	
	






time	 when	 the	 reflected	 wave	 reaches	 the	 damage	 location.	 While	 it	 is	 clear	 that	 there	 is	 a	 strong	
correlation	at	level	35,	it	is	visually	not	clear	whether	the	maximum	correlation	is	there	or	at	any	of	the	
nearest	 neighbors.	 To	 increase	 the	 clarity	 of	 these	 correlation	 results,	 integration	 of	 all	 the	 template	
corellations	at	a	particular	level	is	performed.		This	offers	a	single	response	at	a	floor	by	floor	level	and	




















subsequent	 template	 might	 have	 a	 larger	 correlation	 than	 the	 damage	 location	 of	 interest.	 This	 is	






























Every Floor Sensored Skipping Every 2 Floors Skipping Every 5 Floors Skipping Every 10 Floors Skipping Every 20 Floors
Damage Scenario 1 Skipping Floors with Noise Scale 0
Every Floor Sensored Skipping Every 2 Floors Skipping Every 5 Floors Skipping Every 10 Floors Skipping Every 20 Floors



















































To	 help	 advance	 assessing	 new	 analytical	 techniques,	 a	 database	 of	 damaged	 computational	
models	was	developed	as	a	 test	bed	 for	 innovative	 ideas.	Additionally,	a	 tool	 for	 rapidly	making	more	
computational	damage	scenario	data	was	co-developed	in	an	effort	to	increase	this	database	for	future	
needs	and	new	structures.	The	data	from	these	analyses	is	already	being	used	by	other	researchers	to	
implement	new	potential	 forms	of	damage	detection.	 Internal	 to	Caltech,	we	have	used	this	 for	wave	


























































C h a p t e r  2  




increase	 in	 computational	 power	 and	 speed,	 nonlinear	 analysis	 is	 coming	 more	 to	 the	 forefront	 of	
industry.	Further,	the	 increased	reliance	on	performance	based	design	 in	determining	the	resilience	of	
structures	in	the	built	environment	has	led	to	a	shift	in	the	paradigm	of	engineering	building	structures,	
with	 nonlinear	 analyses	 becoming	 the	 standard	 of	 practice	 for	 significant	 structures	 in	 hazard	 prone	
regions.			
Damping	in	inelastic	systems	is	a	complex	field	of	study	that	is	often	simplified	mathematically	in	
convenient	 ways	 to	 either	 create	 a	 suitable	 solutions	 strategy,	 or	 to	 mitigate	 certain	 concerns	 in	
developing	response	time	histories.		Engineers	often	reason	through	structures	dynamically	in	the	modal	
coordinate	frame,	and	proceed	to	construct	a	damping	matrix	to	achieve	a	prescribed	level	of	damping	in	
each	 mode.	 	 Rayleigh,	 Modal,	 and	 Caughey	 damping	 models	 are	 among	 the	 more	 recognized	 linear	
methods	involving	stiffness	and	mass	proportioning;	however,	other	linear	models	for	damping	exist.		
The	shift	from	linear	to	nonlinear	analysis	has	increased	research	into	more	elaborate	elements,	
more	realistic	nonlinear	geometric	methods,	and	more	robust	solutions.	 	 In	developing	many	of	 these	
solutions,	 the	 effect	 of	 damping	 on	 the	 overall	 nonlinear	 response	 has	 frequently	 been	 a	 source	 of	
contention.	 	 Studies	 have	 shown	 that	 there	 are	 certain	 constraints	 and	 issues	 with	 the	 use	 of	 linear	
damping	matrices	in	nonlinear	analysis	(	(Hall	J.	F.,	2006)	(Charney,	2008)	(Hardyneic,	2015))	that	need	to	















Figure	2.1	 ETABS	 model	 of	 a	 6	 story	 braced	 frame	 structure	 used	 in	 this	 study.	 More	
information	on	this	model	can	be	found	in	Appendix	B.		
2.1 Various Damping Strategies 
Damping	is	a	complicated	component	of	analysis	in	a	structural	system	that	is	often	difficult	to	
computationally	define	from	physical	parameters.		This	has	led	to	simplified	mathematical	interpretations	
of	physical	damping	components	being	 implemented	 in	many	 finite	element	 codes.	 	 In	particular,	 the	
Rayleigh	and	Modal	damping	methods	are	often	implemented	in	commercial	software	used	by	engineers	
to	investigate	the	nonlinear	performance	of	structures.		Both	methods	have	strengths	and	weaknesses	
that	will	 be	 discussed	 in	 detail	 later	 in	 this	 paper.	 However,	 one	 shared	weakness	 involves	 how	 they	
provide	very	large	damping	restoring	forces	in	highly	nonlinear	conditions.		In	particular,	most	nonlinear	
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This	way	of	constructing	of	the	damping	matrix,	in	a	modal	framework,	provides	precise	damping	
at	two	design	frequencies	(here	titled	ω1	and	ω2),	and	varying	levels	of	damping	for	all	others	though	the	








In	 the	 case	 of	mass	 proportional	 damping,	 a	 typically	 diagonal	mass	matrix	 is	multiplied	 by	 a	











Modal	 damping,	 another	 method	 of	 construction	 of	 the	 damping	 matrix,	 is	 mathematically	
expressed	in	Eq.	2.2.		This	damping	model	is	based	on	the	initial	mode	shapes	of	a	system	and	is	completely	
linear.	 The	most	 notable	 disadvantages	 of	 this	 formulation	 is	 that	 it	 is	 does	 not	 assemble	 a	 banded	
damping	matrix,	but	rather	a	full	matrix,	and	that	it	only	damps	the	modes	which	are	directly	prescribed.		
Therefore,	higher	modes	may	have	no	damping	at	all	if	an	insufficient	number	of	modes	are	used	in	its	
construction.	 	 It	 is	often	recommended	with	 this	 type	of	damping	 that	a	small	percentage	of	Rayleigh	














Modal	 damping	 creates	 a	 rather	 unphysical	 system	 as	 well,	 as	 the	 fullness	 of	 matrix	 implies	




Another	nonphysical	 component	of	 the	modal	damping	matrix	 is	 that	 the	 formulation	 implies	
dampers	can	have	negative	coefficients.		This	means	that	instead	of	removing	energy	from	the	system,	
they	are	in	fact	increasing	the	applied	forces	in	the	system.	Simplistically,	if	dampers	in	a	shear	structure	


























system	 are	 taken	 into	 account,	 there	may	 still	 be	 off	 diagonal	 terms	which	 are	
positive	(b).	
	
Level	1 4.102 2.714 -1.793 -1.781 1.602 -0.392 Level	1 10.367 -3.258 -0.299 -0.166 0.039 -0.054
Level	2 2.714 2.848 0.502 -1.169 -0.679 0.354 Level	2 -3.258 9.692 -3.099 -0.428 -0.235 -0.070
Level	3 -1.793 0.502 3.825 1.562 -2.945 0.331 Level	3 -0.299 -3.099 8.930 -3.164 -0.430 -0.210
Level	4 -1.781 -1.169 1.562 2.600 0.705 -1.487 Level	4 -0.166 -0.428 -3.164 8.542 -2.915 -0.580
Level	5 1.602 -0.679 -2.945 0.705 4.876 -1.783 Level	5 0.039 -0.235 -0.430 -2.915 7.523 -2.941
























It	 is	 of	 note	 that	 other	 researchers	 have	 worked	 on	 implementing	 other	 nonlinear	 damping	
strategies,	most	notably	the	tangent	stiffness	damping	matrix,	and	have	done	comparisons	with	 linear	
Rayleigh	damping	schemes	(Jehel,	Leger,	&	Ibrahimbegovic,	2014).		While	these	tangent	stiffness	methods	







2.2 Implementation of damping strategies in this study 
All	 computations	 are	 conducted	 with	 the	 commercially	 available	 software	 Perform	 3D	 to	


























































to	2%	equivalent	damping.	 	This	 is	done	by	using	a	purely	stiffness	proportional	approach	to	 the	axial	
components	of	the	braced	frame	system.		We	refer	to	this	linear	form	of	damping	as	“Beta-K	damping”	
by	setting	α	to	null	(See	Eq.	2.1)	and	solving	for	β	(See	Eq.	2.3).		





This	 is	 appropriate	 for	 a	braced	 frame	 system	where	a	majority	of	 the	 strain	energy	 is	 stored	 in	axial	
deformation.		This	simplification	makes	the	implementation	of	the	physical	dampers	quite	trivial	(simple	
bar	damper	elements)	with	a	value	of	linear	damping	stiffness	shown	in	Eq.	2.4.	
	 !7 = & 89: 	 (2.4)	
For	 this	 particular	 implementation,	 we	 also	 limited	 our	 damper	 types	 to	 linear	 for	 column	
elements	and	nonlinear	for	brace	elements.		This	is	done	to	simplify	the	quantification	of	damping	capping	
forces	for	this	study,	and	allow	for	physical	intuition	into	the	behavior.		Capping	forces	could	similarly	be	
applied	 to	 other	 components	 (such	 as	 the	 columns	 and	 beams)	 and	 also	 to	 other	 deformation	
contributions	(such	as	bending	and	shear),	but	are	not	implemented	for	clarity.			
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To	 develop	 the	 nonlinear	 damping	 element	 in	 Perform	 3D,	 we	 need	 to	 prescribe	 a	 damper	
stiffness	(Co)	and	yield	deformation	rate	(velocity).	 	To	determine	the	yield	velocity	of	the	element,	we	
take	 each	 individual	 damper’s	 contribution	 to	 the	 floor	 yield	 force	 percentage	 (rotated	 by	 inclination	
angle)	and	divide	by	linear	damping	stiffness	parameter	Co.			
	 TUVWXY = ;<=_[7\ ∗ 1!7	 (2.7)	
This	yield	velocity,	along	with	the	initial	damping	stiffness,	fully	defines	the	nonlinear	damping	element	
that	 is	 perfectly	 plastic	 after	 reaching	 the	 yield	 velocity	 differential	 (and	 subsequent	 yield	 force).		
Calculations	for	these	element	stiffness	parameters	are	summarized	in	Table	2.2.	
The	 viscous	 capped	 damper	 element	 stress-strain	 relationship	 is	 significantly	 different	 than	
traditional	tangent	stiffness	strategies.		At	a	specific	yield	velocity,	the	capped	damper	yields	and	provides	



















































































(deg.) (Mpa) (Mpa) mm^2 (kN) (kN)
6 HSS6x6x1/2 4 45 172 445 6284 1083 2794 Tension	Brace	Failure
5 HSS6x6x1/2 4 45 172 445 6284 1083 2794 Tension	Brace	Failure
4 HSS7x7x1/2 4 45 226 445 7484 1690 3328 Failure	at	First	Buckling
3 HSS7x7x1/2 4 45 226 445 7484 1690 3328 Failure	at	First	Buckling
2 HSS7x7x5/8 4 45 220 445 9032 1985 4017 Tension	Brace	Failure


























(kN) (kN) (kN) (kN) (kN) (kN/mm)(kN-s/mm) (mm/s)
6 7904 6127 7904 790 1118 275 1.30 107.30
5 7904 6127 7904 790 1118 275 1.30 107.30
4 9413 9562 9562 956 1352 327 1.55 109.00
3 9413 9562 9562 956 1352 327 1.55 109.00
2 11361 11230 11361 1136 1607 395 1.87 107.30




Figure	2.9	 Damped	 free	 vibration	 comparison	of	 pseudo	 first	mode	damping	 showing	near	
equivalence	in	response	
2.4 Forced vibration results 
We	next	examine	each	of	the	four	implemented	strategies	for	the	Rinaldi	Station	ground	motion	























The	 recommended	method	 for	 implementing	 damping	 in	 Perform	 3D	 is	Modal	 Damping,	 the	
subject	 of	 the	 third	 analysis.	 	 Figure	 2.12	 shows	 a	 significantly	 reduced	 set	 of	 damping	 forces	 that	
correspond	to	approximately	11%	of	the	design	plastic	shear.		For	complete	transparency,	we	implement	



























































































































































































































































































































































































































































Figure	2.15	 Peak	responses	 from	various	damping	strategies	highlighting	the	variation	 in	 the	
total	damping	shear	force	relative	to	the	plastic	capacity	of	the	building	itself.		
2.5 Varied capping levels 
From	 an	 engineering	 perspective,	 it	 is	 critical	 to	 explore	 various	 capping	 force	 levels	 and	 to	
understand	 the	 impact	on	 response,	as	 the	capping	 level	 chosen	 for	prior	 comparisons	 is	 seen	by	 the	








Displacement Drift Shear Beta	Shear Alpha	Shear Damping	Shear Damping	Shear/Plastic	Capacity
(mm) (kN) (kN) (kN) (kN)
Viscous	Capped 828 0.093 15,633			 -																			 -																					 1,144																														 10%
Modal 777 0.083 16,082			 -																			 -																					 1,300																														 11%
Rayleigh 761 0.085 15,922			 1,372										 468																 3,553																														 31%




The	 results	 shown	 demonstrate	 the	 importance	 of	 the	 capping	 value	 itself.	 	 Focusing	 on	 the	















































































































































































































































































































































The	 work	 presented	 in	 this	 chapter	 shows	 how	 various	 damping	 strategies	 compare	 to	 one	
another,	 and	 advocates	 the	 use	 of	 a	 nonlinear	 damping	 solution	 that	maintains	 constant	 force	 after	





















Displacement Drift Shear Beta	Shear Alpha	Shear Damping	Shear Damping	Shear/Plastic	Capacity
(mm) (kN) (kN) (kN) (kN)
4%	Max	Damp.	Shear 897 0.101 15,782			 -																			 -																					 463																																		 4%
10%	Max	Damp.	Shear 828 0.093 15,633			 -																			 -																					 1,144																														 10%
15%	Max	Damp.	Shear 794 0.086 15,616			 -																			 -																					 1,712																														 15%






































C h a p t e r  3  
EFFECT OF SLIDING MASS ON THE RESPONSE OF FRAME STRUCTURES 
3.0	Introduction	
Nonstructural	 components	 and	 their	 effects	 on	 structural	 response	 have	 been	 addressed	 and	
reviewed	by	multiple	researchers	 (eg.	Lee,	2007;	Hutchinson,	2014).	 	These	studies	often	examine	the	






Sliding	 nonstructural	 components	 have	 been	 observed	 in	 building	 type	 structures	 in	 many	




then	proceed	 to	 shift	 decoupled	 from	 the	 structure’s	 lateral	 response	 (or	 slide)	 for	moments	 in	 time.		
More	modern	industrial	facilities	(such	as	data	centers	and	power	plants)	are	turning	to	more	advanced	
























Quantifying	 this	 sliding	mass	 ratio	 relative	 to	 the	 building	mass	 is	 not	 a	 trivial	 task,	 nor	 is	 it	
expected	 to	 be	 particularly	 accurate.	 	 A	 brief	 summary	 of	 potential	 usages	 and	 building	 types	 is	 put	






















For	 transparency,	 server	 farms	are	often	built	at	grade	 level	 to	avoid	carrying	and	distributing	
these	large	loads;	however,	a	transition	to	multi-story	data	centers	in	urban	environments	is	becoming	
more	common	(Atlanta	Business	Chronicle,	2015).	 	Additionally,	commonplace	 in	high	seismic	regions,	
these	server	 racks	are	 intentionally	decoupled	 from	floors	 to	allow	for	sliding	and/or	 rolling	during	an	
event	 to	 avoid	 damaging	 equipment.	 	 Simple	 products	 involving	 castor	 wheels,	 to	 more	 advanced	
products	using	isolation	bearings	(ex.	IsoBase),	create	an	intentionally	low	friction	surface	to	minimize	the	
transfer	of	forces	between	the	server	rack	mass	and	the	building	structure.			
Cabinet	size: 600mm	by	900mm” 600mm	by	1050mm” 750mm	by	1050”
Aisle	width:	 900	mm 1200	mm 1200	mm
500	kg 4.5 3.6 2.9
750	kg 6.8 5.5 4.4
1000	kg 9.1 7.3 5.8
1250	kg 11.4 9.1 7.3


































Total	Stories 3 5 10 15 20 3 5 10 15 20
Dead	Load
Steel
Floor 0.48 0.48 0.48 0.48 0.48 0.29 0.29 0.29 0.29 0.29
Column/Bracing 0.30 0.32 0.40 0.53 0.71 0.25 0.27 0.34 0.44 0.59
Slab 2.80 2.80 2.80 2.80 2.80 2.39 2.39 2.39 2.39 2.39
Curtain	Wall 0.25 0.25 0.25 0.25 0.25 0.24 0.24 0.24 0.24 0.24
SDL
Carpet/finish 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Mechanical/Susp,	Ceiling 0.70 0.70 0.70 0.70 0.70 0.38 0.38 0.38 0.38 0.38
Partitions 0.50 0.50 0.50 0.50 0.50 0.48 0.48 0.48 0.48 0.48
Live 6.00 6.00 6.00 6.00 6.00 2.40 2.40 2.40 2.40 2.40
Reduced	LL
6.00 6.00 6.00 6.00 6.00 0.96 0.96 0.96 0.96 0.96
Total	Load 11.13 11.15 11.23 11.36 11.53 5.09 5.10 5.17 5.28 5.43
Typical	Storage	Loading	(kN/m2) Typical	Office	Loading	(kN/m2)
100%	Live	Load	Participation 40%	Live	Load	Participation
Total	Stories 3 5 10 15 20 3 5 10 15 20
Slidable	LL	Percentage
100% 53.9% 53.8% 53.4% 52.8% 52.0% 18.8% 18.8% 18.5% 18.1% 17.6%
75% 40.4% 40.4% 40.1% 39.6% 39.0% 14.1% 14.1% 13.9% 13.6% 13.2%
50% 27.0% 26.9% 26.7% 26.4% 26.0% 9.4% 9.4% 9.3% 9.1% 8.8%
25% 13.5% 13.5% 13.4% 13.2% 13.0% 4.7% 4.7% 4.6% 4.5% 4.4%
20% 10.8% 10.8% 10.7% 10.6% 10.4% 3.8% 3.8% 3.7% 3.6% 3.5%
15% 8.1% 8.1% 8.0% 7.9% 7.8% 2.8% 2.8% 2.8% 2.7% 2.6%
10% 5.4% 5.4% 5.3% 5.3% 5.2% 1.9% 1.9% 1.9% 1.8% 1.8%
















would	 be	 an	 elastic,	 reduced	 plastic	 element.	We	 do	 not	 claim	 to	 know	 the	 relationship	 of	 all	 these	



















The	 modal	 damping	 strategy	 is	 well	 established	 (Powell,	 2011)	 and	 is	 presemted	 here	 for	
completeness	as	well	as	clarification	of	the	separation	of	modal	energy	and	sliding	energy.		There	are	two	
types	of	modes	in	the	system:	first,	low	frequency	modes	where	the	floors	masses	all	move	together,	and	
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
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(3.2)	
where	u	 is	 the	vector	of	displacements	and	the	over-dot	 represents	 the	time	derivative.	Similarly,	 the	
sliding	 energy	 (Es)	 is	 determined	 as	 the	 energy	 lost	 in	 the	 plastic	 sliding	 of	 the	 damper	 summed	
continuously	as	


























spectra	 based	 on	 2%	 damping.	 Red	 markers	 on	 spectra	 indicate	 first	 mode	 of	
archetype	buildings.	
	
Mode 3 5 10 15 20
1 0.404s 0.632s 1.204s 1.777s 2.349s
2 0.144s 0.217s 0.404s 0.594s 0.785s
3 0.100s 0.137s 0.246s 0.359s 0.473s
4 0.107s 0.180s 0.259s 0.340s
5 0.094s 0.144s 0.204s 0.266s
Stories













































































Figure	3.5	 1994	 Northridge	 earthquake	 measured	 at	 Rinaldi	 Station	 and	 associated	









El	 Centro	 ground	motion	 affects	 the	 roof	 displacement	 response	 history	 (Figure	 3.6).	 	 The	 peak	 roof	











































































































































































Figure	3.8	 Summary	 of	 percentage	 of	 peak	 roof	 displacement	 when	 normalized	 to	 linear	
analysis	without	sliding.	El	Centro	(left)	and	Northridge	(right)	ground	motions	with	
varying	levels	of	SMR	and	the	percentage	of	gravity	weight	yield	force.	
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Figure	3.9	 Summary	 of	 percentage	 of	 viscous	 damping	 energy	 when	 normalized	 to	 linear	
analysis	without	sliding.	El	Centro	(left)	and	Northridge	(right)	ground	motions	with	
varying	levels	of	SMR	and	the	percentage	of	gravity	weight	yield	force.	
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Figure	3.10	 Summary	 of	 percentage	 of	 sliding	 energy	 when	 normalized	 to	 linear	 analysis	
without	sliding.	El	Centro	(left)	and	Northridge	(right)	ground	motions	with	varying	
levels	of	SMR	and	the	percentage	of	gravity	weight	yield	force.	
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the	 mass	 in	 the	 system	 was	 unable	 to	 slide;	 however,	 in	 cases	 such	 as	 the	 ten	 (10)	 story	 structure	






















































0.05 SMR Slid. En
0.10 SMR Slid. En
0.15 SMR Slid. En
0.20 SMR Slid. En
0.25 SMR Slid. En






0.05 SMR Visc. En.
0.10 SMR Visc. En.
0.15 SMR Visc. En.
0.20 SMR Visc. En.
0.25 SMR Visc. En.
Percentage of Gravity Yield Force Percentage of Gravity Yield Force


























































systems	 (seen	 in	 Figure	 3.8	 through	 Figure	 3.11).	 	 This	 indicates	 the	 high	 frequency	 nature	 of	 this	
phenomena	 overall,	 as	we	 assume	 the	 stiffness	 of	 the	 elastic	 perfectly	 plastic	 structure	 is	 quite	 high	
(minimal	motion	until	 slip).	 	However,	 there	are	 instances	where	a	 longer	period	 system	would	make	
sense,	 for	 instance,	masses	 that	would	 tend	 to	 rock	 instead	 of	 slide	would	 typically	 be	 longer	 period	
structures	and	would	have	potentially	more	pronounced	effects	in	taller	buildings.		Rocking;	however,	is	
a	 very	 different	 phenomenon,	 and	 not	 within	 the	 scope	 of	 this	 study,	 and	 mentioned	 only	 for	
consideration	of	future	work	in	secondary	component	effects	to	overall	structural	response.	
For	 shorter	 structures,	 the	 peak	 differential	 in	 elastic	 response	was	 greater	 than	 10%	 for	 the	
largest	 amount	 of	 sliding	 mass	 studied.	 Note	 again	 that	 multi-story	 data	 centers,	 which	 could	 have	






























This	 study	 focused	 on	 determining	 if	 there	 was	 potential	 for	 sliding	 mass	 to	 contribute	 in	 a	
significant	manner	to	the	response	of	structures.		This	was	accomplished	by	using	a	rudimentary	Coulomb	
damping	 model.	 	 More	 complex	 models	 exist	 which	 may	 prove	 to	 be	 more	 realistic	 in	 a	 particular	
application.		Specific	studies	into	varied	friction	models,	and	other	secondary	component	behaviors	and	


























































































C h a p t e r  4  
MODIFIED PROCEDURE FOR THE DESIGN OF SECONDARY INTERMEDIATE MOMENT 
FRAMES FOR BUILDING STRUCTURES 
4.0 Introduction 
Current code provisions in the United States (IBC, 2012) require that special concentrically 
braced frame (SCBF) structures over a certain height in high risk seismic conditions (such as those in the 
western United States) be limited in height unless constructed with a secondary intermediate moment 
frame.  The key metric for determining SCBF building height limitation applicability is the Seismic 
Design Category (SDC).  The SDC is based on site location earthquake hazard levels (Ss and S1 values), 
site specific soil properties (Fa and Fv) and Occupancy Category (I, II, III, IV).  The goal of the SDC is to 
classify a structure based on its risk category and the severity of the design earthquake ground motion 
(ASCE 7, 2010) which is independent of the structural system chosen.  The SDC is then used to filter 
structural systems and determine if they are limited in height, not permitted (NP), or unrestricted in height 
(NL).  For example, less ductile systems, such as unreinforced masonry structures, have severe height 
limits or may not be permitted (NP) to be constructed at all.  Alternatively, other highly ductile systems 
(ex. special moment frames) have no height limitations (NL).  In theory, the idea of minimized risk is 
achieved by penalizing more susceptible brittle structures with respect to the earthquake hazard and 
rewarding more ductile systems. 
While the intent is sound, a very restrictive portion of the building code is that no steel braced 
frame system is permitted to be constructed without height restriction in SDC-D or worse.  For structures 
falling into these categories, a lateral design scheme incorporating a secondary intermediate moment 
frame is required.  Further, this moment frame is required to have a certain level of robustness, mandated 
to carry 25% of the total prescribed seismic forces in the supplemental system regardless of the interplay 
in stiffness between the two systems.  This “25 percent frame” is meant as a secondary lateral system with 
higher degrees of redundancy and ductility in order to improve the ability of the building to support the 
service loads after strong earthquake shaking (NEHRP Commentary C12.2.5.1).  Figure 4.1 shows the 
undeformed versus deformed condition of a braced frame emphasizing common types of nonlinear 
mechanisms that can develop after strong shaking such as brace buckling and tension rupture.  These 




Figure 4.1 Predominant Braced Frame Nonlinear Mechanisms 
NEHRP (BSSC, 2009) clearly states in the commentary that the height limit is based primarily on 
“subjective judgment.”  There is also little commentary provided as to support the notion that using 25% 
of the effective base shear for the design of the intermediate moment frame will ensure structural stability 
under service gravity loads.  Further, there are qualitative arguments that taller structures should be more 
robust as there is a larger risk to property and human life; however, this is meant to be an issue of 
occupancy and importance as the code is written. 
The behavior of braced frame and moment frame structures is well studied (Hall, 1997; Sabelli et. 
al., 2013; Hamburger, 2009); however, dual systems have more complex behavior and are less often 
studied.  To independently examine the mechanical differences between braced frame, moment frame, 
and dual systems, we designed a 20 story office building using modern day building code requirements 
(IBC 2012) in Los Angeles (Figure 4.2 and Appendix C).  Quasi-static pushover analysis was performed 
that included P-delta stiffness reduction as well as large displacement nodal updating techniques.  All 
component level nonlinear effects were represented computationally using FEMA 441 hinge criteria for 
beams, columns and braces.  The analysis does not take advantage of secondary framing elements 
(gravity framing) for stiffness and merely relies on the prescribed lateral system for resistance to 
eliminate confusion and complexity.  For simplicity, a 2D model with an equivalent P-Delta column is 
used for lost frame weight. 
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Figure 4.3 Deformed Configuration of Braced Frame, Moment Frame, and Dual Frame from 
Quasi-Static Pushover 
Figure 4.3 shows that the dual system, at large displacements, has nonlinear response in both the 
moment and braced frame components of the structure.  When braced and moment frame systems are 
separated, the braced frame structure has a tendency to develop a weak upper story leading to collapse.  
This mechanism is reinforced by the moment frame (which has significantly more ductile capacity) in the 
dual system and allows the structure to achieve larger total drift before reaching a localized P-Delta 
instability, adding to the overall ductility of the structure.  This “reinforcing” of mechanisms is one of the 




Figure 4.4 Pushover Curve Comparing Effects of Dual System Components 
This chapter focuses on developing a more prescriptive method of determining design forces for 
structures in their post-event plastically deformed state (See Figure 4.5) and maintaining stability.  The 
concept of gravity based, so called “P-Delta” moments, is used to develop a prescriptive method for 
developing design forces that are consistent with the building code’s intent. 
The scale to which P-Delta moments exist in a system was examined by prescribing code based 
deformation limits and observing the induced demand.  Working with these responses, a procedure for 
developing a stabilizing strength/stiffness for that system is presented.   
	
Figure 4.5  Dual System with Braced Frame in Damaged State and Secondary Moment Frame 
4.1 Code Based Deformation Demands and Limits 
ASCE 7-10 is prescriptive in the determination of peak displacement demands on a system, as 
well as to what the limits are for this demand.  Given a location, building type, and usage, the code 
determines an inelastic spectrum for design.  The design spectrum takes into account the perceived 
ductility of the system by taking the appropriate local elastic spectra and dividing by a system based “R-
factor” to represent the structure’s reduced forces in the nonlinear regime (See Figure 4.6).  The reduced 
scale response spectra are then used for design of the lateral system by either response spectrum analysis, 
equivalent lateral forces, or in some circumstances time-history analysis. 
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Figure 4.6 Code Based Response Spectra Implemented in Design of Building Structures 
Performing a linear elastic analysis, the design spectra (Figure 4.6) uses the elastic period of the 
structure to determine the applicable earthquake forces.  The design spectrum assumes that there will be 
some inherent non-linearity in the system that will “soften” the structure and allow for a reduced set of 
forces as opposed to the elastic spectra.  As such, elastic displacements due to these reduced forces are 
artificially increased by a ductility factor “Cd” which is meant to account for this structural softening 
leading to higher inelastic displacements (note, importance factor, Ie is removed when determining 
inelastic demands from elastic displacement amplification).  This inelastic displacement is what is limited 
by the code to prescriptive values, which are based on risk category (usage) and structural type.  
Excluding masonry structures and buildings less than 4 stories from this study, we examine the 4 risk 
categories and the limits on inelastic drift prescribed in ASCE 7-10 Table 12.12-1 (See Table 4.1).  Here 
hsx represents the story height below level “x” and Δmax represents the maximum inelastic story drift 
allowed by the seismic provisions. 
 
Table 4.1 Summary of ASCE 7-10 Table 12.12-1 Drift Limits 
The prescribed limits were used to investigate various scenarios for typical building structures 
that have been taken to their maximum inelastic displacement demands over their height to establish a 
design approach for structural stability. 
4.2 Simplistic Evaluation Using Code Maximum Inelastic Deformed Shape and Subsequent P-Delta 
Demand  
Given the drift limits in Table 4.1, P-Delta stability is explored by making basic observations of 
what these requirements imply.  As the code’s intent is to have a structure that is stable after an 
I	or	II III IV
Δmax 0.020hsx 0.015hsx 0.010hsx
Risk	Category
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earthquake which has pushed the structure into the inelastic deformed shape, elastic recovery is assumed 
minimal, and a deformed configuration maximum is assumed in the following sets of data (See Figure 
4.7a).  Additional analysis representative of flexural and shear elastically deformed shapes are also 
performed, assuming uniform floor weight and the appropriate curvature, to determine the effects of 
varied drift over the height (See Figure 4.7b).  
In terms of P-Delta moments, it is clear that the intent of more stringent building drift criteria, 
with respect to its Risk Category, should have smaller permanent inelastic deformation than lower risk 
structures.  These lower magnitudes of P-Delta moment suggest a potential for economy in secondary 
systems of such structures.   
To evaluate the P-Delta moments for typical structures adhering to the code provisions to the 
most extreme extents possible, a linear maximum story drift over all floors equal to the maximum allowed 
by ASCE 7-10 is studied (See Figure 4.7a). 
 
Figure 4.7 Deformed Shape Limits & Typical Deformed Shape 
As the secondary moment frame does not come into play until a structure is over a height of 
73.2m (240ft) (assuming typical vertical regularity) focus is made on a typical story height of 3.96m 
(13ft) and 20 stories tall thereby consisting of a 79.25m (260ft) tall building structure.  All floors are 
assumed to have a similar weight (denoted P). 
Every floor will have its own displacement δj that will be a function of the story height multiplied 
by the code mandated maximum drift level (∆"#$).  Given this, every floor’s contribution to the base 
overturning moment is simply: 
 %&#'() = +×∆"#$×-./01   (4.1) 
where: 
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-./01 is the floor elevation of the “jth” floor (See Figure 4.8) 
However, what is more pertinent is what the contribution of the summation of the entire load 
above the building is to the overturning moment along the length (assuming typical floor height “h” and 
“N” being the total number of floors).   
 %1 = +×ℎ×∆"#$× (4 − 6)89:1;<   (4.2) 
This approach results in a moment diagram whose growth increases linearly between each story 
but more rapidly as additional stories are continuously added to the structure.  This is demonstrated in 
Figure 4.9 where a pre-deformed structure conforming to the maximum drifts stipulated by ASCE 7-10 
for the various risk categories is loaded vertically with unit point loads.  Figure 4.9 shows the growth in 
the moment diagram with respect to the uniform slope of the structure taking a non-linear increase over 
the height. Given this nonlinear growth, there is an implied variation in the shear over the height of the 
structure towards the base.   
 
 
Figure 4.8 Model Configuration for Floor Variables 
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Figure 4.9 Gravity Induced P-Delta Moments under Uniform Vertical Load for Varied Risk 
Categories (kN-m) 
To develop the equivalent horizontal forces which mimic this moment diagram (Figure 4.9), and 
overall demand on the system, the analysis must resolve the static equilibrium of a sloped column 
element.  Sloped columns induce shears on a floor-by-floor bases which are not fully resolved by the floor 
below due to the increased weight of the newest level (See Figure 4.10). 
The applied forces resolve at the floor level to give the difference in displacement of the floor 
above by the floor below divide by the height, times the weight of the floor, but this can be simplified to 
the drift times the floor weight for this displacement model: 




Figure 4.10 Drift Based P-Delta Equivalent Lateral Forces 
Applying this set of forces to the typical structure (See Figure 4.11) an equivalent moment 
diagram to the induced gravity P-Delta moments (See Figure 4.9) is observed.  The force applied in this 
extreme case of full inelastic displacement over the entire height of the structure (assuming uniform floor 
weight) leads to a uniform horizontal applied force of the floor weight times the drift.  This would suggest 
that the base shear for each of the 4 occupancy categories is simply the weight of the building times the 
maximum drift.  Note this distribution is nothing like the seismic load distribution assumed in ASCE 7-
10, which is weighted more heavily at the top of a structure. 
 BCD/	Fℎ/CG = H/6IℎJ×∆"#$	  (4.4) 
Table 4.2 summarizes the equivalent base shear in the building distributed uniformly over the height of 
the structure. 
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Figure 4.11 Equivalent Horizontal Forces and Moment Diagram Consistent with Figure 4.9  
 
Table 4.2 Full Building at Maximum Inelastic Displacement Proposed Total Base Shear 
 
4.3 Evaluation Using Code Maximum Inelastic Deformed Shape and Subsequent P-Delta Demand 
on the System Incorporating Varied Floor Weight and Story Height 
The distribution above has a series of assumptions but represents the most basic approach to what 
the maximum base shear would be for a uniformly weighted structure.  Abandoning these assumptions 
but applying the same displacement field, the jth floor moment equation becomes more complicated and 
requires constructing a vector of elevations be formulated into 
 %1 = +9×(/./09 − /./01)89:1;< ×∆"#$  (4.5) 
The floor-by-floor force also needs to be updated, but due to cancelation of components from floors 
above and similar slopes, the result simplifies to Eq. 4.6 with special conditions for the roof (K8;< −K8 = 0). 
 =1 = − >)MA?>)ℎ)MA +989:1;< + >)?>)@Aℎ) +9 = +1×∆"#$89:1   (4.6) 
I	or	II III IV
Vb 2%	W 1.5%	W 1%	W
Risk	Category
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Due to the force varying over the height (as the floor weights vary), the force distribution is 
slightly more complicated, though determining the weight of the floor is a trivial exercise.  The main 
realization; however, is the total base shear would still be equivalent to those presented in Table 4.2. 
4.4 Evaluation Using Varied Deformed Configuration 
The previous studies focused on using the maximum drift over the full height of the building; 
however, this displaced shape consistently over the full height of a tower is a conservative assumption (as 
damage tends to localize in taller braced frame structures).  As an alternative, we use two variations on 
the deformed configuration.  The structural deformation is broken into two categories representative of a 
shear mode and a flexural mode (See Figure 4.12).   
 
Figure 4.12 Flexural vs Shear Deformation 
In either of these deformed shapes, the cancelation of forces is more complex since the floor 
below has a different slope than the floor above. This change in slope does not allow for the clean 
cancelation of the horizontal floor shears as was observed earlier.  This makes the floor force equal to 
 =1 = − >)MA?>)ℎ)MA +989:1;< + >)?>)@Aℎ) +989:1   (4.7) 
Next, this equation is summed over the height to determine floor shears for any deformed shape, and then 
specialized to the two shapes suggested in Figure 4.12.  To determine the base shear specifically, 
Equation 4.7 is summed over the entire height of the structure. 
 O& = − >)MA?>)ℎ)MA +989:1;< + >)?>)@Aℎ) +989:181:<   (4.8) 
For the shear beam deformed shape, we implement the 3 various maximum drifts and create the 
displacement field described by Eq. 4.9 (quarter sine wave displacement field). 
 P'ℎ(#Q = ∆"#$ R(S(TUV ×sin	 (S(T)(S(TU VR   (4.9) 
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Similarly, for the flexural displacement, an assumed deformed shape of a beam with uniform 
stiffness and peak drift at the roof under triangular loading gives the deflection profile shown in Eq 4.10.  
Note, the inelastic displacement field represented for flexure may not be very realistic for a nonlinear 
structure, but is used as a computational demonstration of the effects of deformation on response.  
 PZS($ = R[∆\]^<_(S(TU` × (S(T)a<Rb(S(TU + (S(TU×(S(T)`<R + 	(S(TUc×(S(T)cd   (4.10) 
Given these displacements, and taking derivatives of Eq. 4.9 and Eq. 4.10, the slope/drift in the columns 
is determined.  This is substituted into Eq. 4.7 to determine the variation in horizontal forces.  The shear 
deformed shape drifts and horizontal forces described by Eq. 4.11 and Eq. 4.12. 
 e'ℎ(#Q	1 = ∆"#$cos	 (S(T)(S(TU VR   (4.11) 
 =1 = −e'ℎ(#Q	1;< +989:1;< + 	e'ℎ(#Q	1 +989:1   (4.12) 
Similarly, for the flexural case, Eq. 4.13 and Eq. 4.14 respectively show the drift and horizontal forces 
associated with the prescribed deformed shape. 
 eZS($	1 = R[∆\]^<_(S(TU` × (S(T)hR[(S(TU + (S(TU×(S(T)c[ + 		 (S(TUc×(S(T)i   (4.13) 
 =1 = −eZS($	1;< +989:1;< + eZS($	1 +989:1   (4.14) 
The previous described equations can be used to determine the moments and shears in any system directly 
using basic statics.   
4.5 Computational Evaluation 
The particular building described in Table 4.3 is now examined under the series of displacement 
fields suggested earlier at the code limits of drift for various occupancy categories.  The structure is 
simplified such that the floors are of equivalent height and weight. 
Figure 4.13 shows the suite of displacements prescribed earlier and the field of potential inelastic 
deformations examined from here forward.  It is clear that the constant inelastic drift ratio data set 
produces the largest displacement at every individual story.  Of particular interest is that the displacement 
of the shear deformation is consistently larger than that of the flexural assumption used.  This implies 
consistently larger P-Delta moments in the shear assumption when compared to the flexural.   
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Table 4.3 Basic Building Information 
While examining the displacement fields is of interest, it is actually the variations of drift and 
weight above particular floors in a building that create “kick forces” in a structure. Since these prescribed 
deformed shapes arise from the accumulation of drifts in the system, it is important to understand what 
the deformed shapes described in Figure 4.13 imply for drifts.  Taking the difference of displacement 
between floors and dividing by the height of the structural floor gives the drift field shown in Figure 4.14 
(Note, these computations do not use the continuous equation described earlier, and instead use the 
discrete drifts associated with the continuous displacement fields prescribed).  Observe that the prescribed 
drift levels match the peak demands imposed by the code at the base for the assumed shear deformation 
and at the roof for the assumed flexural deformation.  This is consistent with the developed algorithm’s 
intent in both cases.  As the displacement magnitudes are greatly different (variation in roof 
displacements of approximately 1.5x), there will be a differential in the magnitude of moments and shear 
associated with these inelastic configurations.  
 
Story Floor	Height Elev Floor	Weight
m m kN
20 3.96 79.2 4.4482
19 3.96 75.3 4.4482
18 3.96 71.3 4.4482
17 3.96 67.4 4.4482
16 3.96 63.4 4.4482
15 3.96 59.4 4.4482
14 3.96 55.5 4.4482
13 3.96 51.5 4.4482
12 3.96 47.5 4.4482
11 3.96 43.6 4.4482
10 3.96 39.6 4.4482
9 3.96 35.7 4.4482
8 3.96 31.7 4.4482
7 3.96 27.7 4.4482
6 3.96 23.8 4.4482
5 3.96 19.8 4.4482
4 3.96 15.8 4.4482
3 3.96 11.9 4.4482
2 3.96 7.9 4.4482
1 3.96 4.0 4.4482




Figure 4.13 Displacement Fields of Code Based and Proposed Displacement Fields 
We studied the applied horizontal forces on the system resulting from the kick forces associated 
with the sloped columns and vertical loads applied to the building.  A summary of the horizontal loads 
imposed on the system, and the accumulation of shear over the height is seen in Figure 4.15 and Figure 
4.16 respectively.  
	



























































Figure 4.15 Applied Floor Loads for each Deformed Shape Prescribed 
Several key observations were made from the data. Since the drift field for the shear deformed 
shape matches at the base condition for the constant inelastic drift, the base shears are consequently equal 
to one another (See Figure 4.16).  The distribution of shear over the height; however, is always less for 
the shear assumption as opposed to the constant inelastic drift, even though the floor force may be larger 
on a floor-by-floor basis (See Figure 4.15).  This will clearly lead to a lower moment magnitude over the 
height of the structure as opposed to the uniform load distribution of constant inelastic drift. 
The flexural drift assumption creates a near zero base shear condition due to the verticality of the 
base column assumed in this displacement field. This result clarifies why there are forces oriented in two 
directions in the flexural displacement field shown in Figure 4.15 as these forces must cancel over the 
height of the structure since the vertical load cannot create any net shear.  The need for omnidirectional 
horizontal forces over the height of the structure arises when a vertical condition is enforced at the base 
combined with the presence of any applied gravity load forces to the system. This may seem 
counterintuitive relative to the deformed shape given the continuous curvature without inflection. 
Finally, the moment in the system due to the varied deformed configurations is observed (See 
Figure 4.17).  Drastic variation in the moment diagram shape as well as the magnitude over the structure’s 
height is evident from these results.  This again shows the influence of what the assumed actual deformed 































Figure 4.16 Accumulated Shear Force in Building over the Height 
	
Figure 4.17 Accumulated Moment in Building over the Height 
4.6 Potential Recommendations 
To better capture the design intent of post event stability, the following method suggests an 
iterative process to establish an alternative set of design forces for a secondary moment frame:   
When implementing a dual system with a secondary intermediate moment frame, use the appropriate 
design forces prescribed by the design provisions for the actual applied earthquake, which take into 
account the interplay of forces between the moment frame and braced frame systems.  This typically 
results in a system where a majority of the building’s base shear is resolved in the braced frame, and the 


























































From here, determine the elastic displacements in the system and amplify them by the appropriate 
ductility factor (Cd) to achieve the inelastic displacements of the proposed system.  Determine the 
horizontal design forces due to the associated inelastic drifts and gravity loads on a floor-by-floor basis 
(Eq. 4.7).  Apply these forces to the moment frame only and determine if the subsequent structure 
maintains stability in this configuration (can support the loads applied).  If not, increase the strength of the 
moment frame and repeat. 
Note that this analysis would also be linear, as the forces and assumed final configuration of the 
structure already take into account the P-Delta stability of the structure negating the need to perform 
another geometrically nonlinear analysis.  It could be argued that the stiffness of the structure differs in 
the newly deformed shape; however, at the levels of maximum drift implemented in the seismic 
provisions today, the effect is minimal (Powell, 2010). 
If 25% of total base shear forces is maintained as the minimum magnitude of force for design of 
secondary frames, some level of consideration in the way the forces are distributed consistent with the 
deformed shape is appropriate.  This does have certain issues in determining magnitude as certain 
configurations could result in no base shear (See Figure 4.16).  Perhaps the simplest approach is to use a 
uniform applied load based on the maximum inelastic drift on all levels.  This is varied from the seismic 
forces distribution currently implemented over the height of the building that shifts these forces to be 
higher as the floors are further from the point of excitation/base. 
4.7 Conclusions 
The secondary moment frame provisions, with respect to seismic design category (SDC), aim to 
make braced frame structures more ductile while maintaining stability in a post event state.  Through the 
examination of the prior results, significant differences in the demand on a building system based on the 
deformed configuration after an event has occurred with respect to maintaining verticality and sustaining 
stability were observed.  Most importantly, this demand is completely based on the gravity induced forces 
and the inelastic deformed shape of the structure after an event.  The use of 25% of the earthquake force 
as a design metric for a stabilizing frame under the assumption that the bracing components are no longer 
reliable does not appear to have a firm physical basis for enforcing this intent. 
Another important element to address is the idea that, regardless of the deformed shape assumed, 
the demand on the frame was significantly less for occupancy categories where the more stringent drift 
criteria were applied.  Clearly the P-Delta forces on the secondary moment frames in Occupancy 
Category IV are less in magnitude than in other occupancy categories, indicating an opportunity for either 
economy in these types of structures, or potentially a relative increase in the lower occupancy categories 
	113	
depending on the frame of reference.  From either perspective, the use of 25% of the base shear across the 
occupancy categories does not logically account for the variation in maximum drift designed for.   
For results shown and discussed, see Appendix D.  
4.8 Future Research 
One element that was not investigated here, but is of great importance, is the state of stress in the 
system after the event has occurred.  As the moment frame and braced frames will all work in tandem, 
any form of non-linearity in the system has the potential to develop permanent residual stresses.  This 
could reduce the capacity of elements in the post event state.  The intent of this paper is to bring to light 
the idea of using this basic deformation based design technique to enlighten design strategies for 
secondary moment frames.  The aim is to encourage a more consistent method with respect to the code’s 
intents for the frame as a whole.   
The concept of the secondary frame being implemented at 240ft in SDC-D or worse is also 
somewhat vague, yet the design strategy presented is independent of this code requirement and could be 
extrapolated to multistory buildings of any height (shorter or taller).  The idea that as a structure gets 
taller, there is more of a P-Delta effect on the system overall is sound.  Perhaps a more refined approach 
assessing how much P-Delta moment is in the system in the final deformed configuration for any 
structure would be more suited for determining if secondary moment frames are indeed required.  This 
would require that the residual capacity of the braced frame itself could sustain said loading and a better 















































	 !" + $" = &(()	 (A.1)	
These	equations	can	be	organized	and	ordered	such	that	there	are	degrees	of	freedom	with	mass	or	
dynamic	degrees	of	freedom	(denoted	“t”)	and	massless	degrees	of	freedom	(denoted	“0”).	








	 ". = −/,,34/,+"-														 (A.4)	
Substituting	this	back	into	the	first	half	of	A.3	gives	
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Level 8 Level 8
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Level 14 Level 14
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Level 15 Level 15
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A p p e n d i x  D  
	
App. D.1 - Displacement Analysis 
	
App. D.2 - Drift Analysis 
Story Floor	Height Elev Floor	Weight
m m kN 1.0% 1.5% 2.0% 1.0% 1.5% 2.0% 1.0% 1.5% 2.0%
20 3.96 79.2 4.4482 792 1189 1585 505 757 1009 328 491 655
19 3.96 75.3 4.4482 753 1129 1506 503 754 1006 289 434 579
18 3.96 71.3 4.4482 713 1070 1426 498 747 997 254 382 509
17 3.96 67.4 4.4482 674 1010 1347 491 736 981 222 333 445
16 3.96 63.4 4.4482 634 951 1268 480 720 960 193 289 386
15 3.96 59.4 4.4482 594 892 1189 466 699 932 166 249 332
14 3.96 55.5 4.4482 555 832 1109 450 674 899 142 212 283
13 3.96 51.5 4.4482 515 773 1030 430 645 860 120 179 239
12 3.96 47.5 4.4482 475 713 951 408 612 816 100 150 199
11 3.96 43.6 4.4482 436 654 872 384 575 767 82 123 164
10 3.96 39.6 4.4482 396 594 792 357 535 713 66 100 133
9 3.96 35.7 4.4482 357 535 713 328 491 655 53 79 105
8 3.96 31.7 4.4482 317 475 634 297 445 593 41 61 81
7 3.96 27.7 4.4482 277 416 555 264 395 527 30 46 61
6 3.96 23.8 4.4482 238 357 475 229 344 458 22 33 44
5 3.96 19.8 4.4482 198 297 396 193 290 386 15 22 30
4 3.96 15.8 4.4482 158 238 317 156 234 312 9 14 19
3 3.96 11.9 4.4482 119 178 238 118 177 236 5 8 10
2 3.96 7.9 4.4482 79 119 158 79 118 158 2 3 4
1 3.96 4.0 4.4482 40 59 79 40 59 79 1 1 1
0 0.00 0.0 4.4482 0 0 0 0 0 0 0 0 0
Max	Inelastic	Displacement Shear	Deflected	Shape Flexural	Deflected	Shape
Building	Information Displacement	(mm)
Story Floor	Height Elev Floor	Weight
m m kN 1.0% 1.5% 2.0% 1.0% 1.5% 2.0% 1.0% 1.5% 2.0%
20 3.96 79.2 4.4482 1.00% 1.50% 2.00% 0.04% 0.06% 0.08% 0.96% 1.44% 1.92%
19 3.96 75.3 4.4482 1.00% 1.50% 2.00% 0.12% 0.18% 0.24% 0.88% 1.33% 1.77%
18 3.96 71.3 4.4482 1.00% 1.50% 2.00% 0.20% 0.29% 0.39% 0.81% 1.22% 1.62%
17 3.96 67.4 4.4482 1.00% 1.50% 2.00% 0.27% 0.41% 0.54% 0.74% 1.11% 1.49%
16 3.96 63.4 4.4482 1.00% 1.50% 2.00% 0.35% 0.52% 0.69% 0.68% 1.02% 1.36%
15 3.96 59.4 4.4482 1.00% 1.50% 2.00% 0.42% 0.63% 0.84% 0.62% 0.92% 1.23%
14 3.96 55.5 4.4482 1.00% 1.50% 2.00% 0.49% 0.73% 0.98% 0.56% 0.83% 1.11%
13 3.96 51.5 4.4482 1.00% 1.50% 2.00% 0.56% 0.83% 1.11% 0.50% 0.75% 1.00%
12 3.96 47.5 4.4482 1.00% 1.50% 2.00% 0.62% 0.93% 1.24% 0.45% 0.67% 0.89%
11 3.96 43.6 4.4482 1.00% 1.50% 2.00% 0.68% 1.02% 1.36% 0.40% 0.59% 0.79%
10 3.96 39.6 4.4482 1.00% 1.50% 2.00% 0.73% 1.10% 1.47% 0.35% 0.52% 0.69%
9 3.96 35.7 4.4482 1.00% 1.50% 2.00% 0.79% 1.18% 1.57% 0.30% 0.45% 0.60%
8 3.96 31.7 4.4482 1.00% 1.50% 2.00% 0.83% 1.25% 1.66% 0.26% 0.39% 0.52%
7 3.96 27.7 4.4482 1.00% 1.50% 2.00% 0.87% 1.31% 1.74% 0.22% 0.32% 0.43%
6 3.96 23.8 4.4482 1.00% 1.50% 2.00% 0.91% 1.36% 1.82% 0.18% 0.27% 0.35%
5 3.96 19.8 4.4482 1.00% 1.50% 2.00% 0.94% 1.41% 1.88% 0.14% 0.21% 0.28%
4 3.96 15.8 4.4482 1.00% 1.50% 2.00% 0.96% 1.44% 1.92% 0.11% 0.16% 0.21%
3 3.96 11.9 4.4482 1.00% 1.50% 2.00% 0.98% 1.47% 1.96% 0.07% 0.11% 0.15%
2 3.96 7.9 4.4482 1.00% 1.50% 2.00% 0.99% 1.49% 1.99% 0.04% 0.06% 0.08%
1 3.96 4.0 4.4482 1.00% 1.50% 2.00% 1.00% 1.50% 2.00% 0.01% 0.02% 0.03%





App. D.3 - Horizontal Force Analysis 
	
App. D.4 - Shear Force Analysis 
Story Floor	Height Elev Floor	Weight
m m kN 1.0% 1.5% 2.0% 1.0% 1.5% 2.0% 1.0% 1.5% 2.0%
20 3.96 79.2 4.4482 44.5 66.7 89.0 1.7 2.6 3.5 42.7 64.1 85.5
19 3.96 75.3 4.4482 44.5 66.7 89.0 8.7 13.1 17.4 36.0 53.9 71.9
18 3.96 71.3 4.4482 44.5 66.7 89.0 15.6 23.4 31.1 29.7 44.5 59.4
17 3.96 67.4 4.4482 44.5 66.7 89.0 22.3 33.4 44.5 23.9 35.8 47.7
16 3.96 63.4 4.4482 44.5 66.7 89.0 28.7 43.0 57.4 18.5 27.7 37.0
15 3.96 59.4 4.4482 44.5 66.7 89.0 34.7 52.1 69.5 13.5 20.3 27.0
14 3.96 55.5 4.4482 44.5 66.7 89.0 40.4 60.6 80.8 8.9 13.4 17.9
13 3.96 51.5 4.4482 44.5 66.7 89.0 45.5 68.3 91.1 4.7 7.0 9.4
12 3.96 47.5 4.4482 44.5 66.7 89.0 50.1 75.2 100.3 0.8 1.2 1.6
11 3.96 43.6 4.4482 44.5 66.7 89.0 54.1 81.1 108.2 -2.8 -4.2 -5.6
10 3.96 39.6 4.4482 44.5 66.7 89.0 57.3 86.0 114.7 -6.1 -9.1 -12.1
9 3.96 35.7 4.4482 44.5 66.7 89.0 59.9 89.8 119.7 -9.1 -13.6 -18.1
8 3.96 31.7 4.4482 44.5 66.7 89.0 61.6 92.4 123.2 -11.8 -17.7 -23.5
7 3.96 27.7 4.4482 44.5 66.7 89.0 62.5 93.8 125.0 -14.2 -21.3 -28.4
6 3.96 23.8 4.4482 44.5 66.7 89.0 62.6 93.9 125.2 -16.4 -24.6 -32.8
5 3.96 19.8 4.4482 44.5 66.7 89.0 61.8 92.6 123.5 -18.4 -27.5 -36.7
4 3.96 15.8 4.4482 44.5 66.7 89.0 60.1 90.1 120.1 -20.0 -30.1 -40.1
3 3.96 11.9 4.4482 44.5 66.7 89.0 57.5 86.2 114.9 -21.5 -32.2 -43.0
2 3.96 7.9 4.4482 44.5 66.7 89.0 54.0 81.0 108.0 -22.7 -34.0 -45.4
1 3.96 4.0 4.4482 44.5 66.7 89.0 49.6 74.5 99.3 -23.6 -35.4 -47.2
0 0.00 0.0 4.4482 44.5 66.7 89.0 45.4 68.1 90.8 -23.6 -35.4 -47.2
Max	Inelastic	Displacement Shear	Deflected	Shape Flexural	Deflected	Shape
Building	Information Horizontal	Force	(N)
Story Floor	Height Elev Floor	Weight
m m kN 1.0% 1.5% 2.0% 1.0% 1.5% 2.0% 1.0% 1.5% 2.0%
20 3.96 79.2 4.4482 44.5 66.7 89.0 1.7 2.6 3.5 42.7 64.1 85.5
19 3.96 75.3 4.4482 89.0 133.4 177.9 10.5 15.7 20.9 78.7 118.0 157.4
18 3.96 71.3 4.4482 133.4 200.2 266.9 26.0 39.0 52.1 108.4 162.6 216.8
17 3.96 67.4 4.4482 177.9 266.9 355.9 48.3 72.4 96.6 132.2 198.4 264.5
16 3.96 63.4 4.4482 222.4 333.6 444.8 77.0 115.4 153.9 150.7 226.1 301.5
15 3.96 59.4 4.4482 266.9 400.3 533.8 111.7 167.6 223.4 164.3 246.4 328.5
14 3.96 55.5 4.4482 311.4 467.1 622.8 152.1 228.2 304.2 173.2 259.8 346.4
13 3.96 51.5 4.4482 355.9 533.8 711.7 197.7 296.5 395.3 177.9 266.8 355.8
12 3.96 47.5 4.4482 400.3 600.5 800.7 247.8 371.7 495.6 178.7 268.0 357.4
11 3.96 43.6 4.4482 444.8 667.2 889.6 301.9 452.8 603.7 175.9 263.8 351.8
10 3.96 39.6 4.4482 489.3 734.0 978.6 359.2 538.8 718.4 169.8 254.7 339.7
9 3.96 35.7 4.4482 533.8 800.7 1067.6 419.1 628.6 838.2 160.8 241.2 321.5
8 3.96 31.7 4.4482 578.3 867.4 1156.5 480.7 721.0 961.4 149.0 223.5 298.0
7 3.96 27.7 4.4482 622.8 934.1 1245.5 543.2 814.8 1086.4 134.8 202.2 269.6
6 3.96 23.8 4.4482 667.2 1000.8 1334.5 605.8 908.7 1211.6 118.4 177.5 236.7
5 3.96 19.8 4.4482 711.7 1067.6 1423.4 667.6 1001.3 1335.1 100.0 150.0 200.0
4 3.96 15.8 4.4482 756.2 1134.3 1512.4 727.6 1091.4 1455.2 80.0 119.9 159.9
3 3.96 11.9 4.4482 800.7 1201.0 1601.4 785.1 1177.6 1570.2 58.5 87.7 116.9
2 3.96 7.9 4.4482 845.2 1267.7 1690.3 839.1 1258.6 1678.2 35.8 53.7 71.6
1 3.96 4.0 4.4482 889.6 1334.5 1779.3 888.7 1333.1 1777.5 12.2 18.2 24.3





App. D.5 - Moment Analysis 
 
 
Story Floor	Height Elev Floor	Weight
m m kN 1.0% 1.5% 2.0% 1.0% 1.5% 2.0% 1.0% 1.5% 2.0%
20 3.96 79.2 4.4482 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
19 3.96 75.3 4.4482 0.2 0.3 0.4 0.0 0.0 0.0 0.2 0.3 0.3
18 3.96 71.3 4.4482 0.5 0.8 1.1 0.0 0.1 0.1 0.5 0.7 1.0
17 3.96 67.4 4.4482 1.1 1.6 2.1 0.2 0.2 0.3 0.9 1.4 1.8
16 3.96 63.4 4.4482 1.8 2.6 3.5 0.3 0.5 0.7 1.4 2.2 2.9
15 3.96 59.4 4.4482 2.6 4.0 5.3 0.6 1.0 1.3 2.0 3.0 4.1
14 3.96 55.5 4.4482 3.7 5.6 7.4 1.1 1.6 2.2 2.7 4.0 5.4
13 3.96 51.5 4.4482 4.9 7.4 9.9 1.7 2.5 3.4 3.4 5.1 6.7
12 3.96 47.5 4.4482 6.3 9.5 12.7 2.5 3.7 5.0 4.1 6.1 8.1
11 3.96 43.6 4.4482 7.9 11.9 15.9 3.5 5.2 6.9 4.8 7.2 9.6
10 3.96 39.6 4.4482 9.7 14.5 19.4 4.7 7.0 9.3 5.5 8.2 11.0
9 3.96 35.7 4.4482 11.6 17.4 23.3 6.1 9.1 12.2 6.2 9.2 12.3
8 3.96 31.7 4.4482 13.7 20.6 27.5 7.7 11.6 15.5 6.8 10.2 13.6
7 3.96 27.7 4.4482 16.0 24.1 32.1 9.6 14.5 19.3 7.4 11.1 14.8
6 3.96 23.8 4.4482 18.5 27.8 37.0 11.8 17.7 23.6 7.9 11.9 15.8
5 3.96 19.8 4.4482 21.2 31.7 42.3 14.2 21.3 28.4 8.4 12.6 16.8
4 3.96 15.8 4.4482 24.0 36.0 47.9 16.8 25.3 33.7 8.8 13.2 17.6
3 3.96 11.9 4.4482 27.0 40.5 53.9 19.7 29.6 39.4 9.1 13.6 18.2
2 3.96 7.9 4.4482 30.1 45.2 60.3 22.8 34.3 45.7 9.3 14.0 18.7
1 3.96 4.0 4.4482 33.5 50.2 67.0 26.2 39.2 52.3 9.5 14.2 18.9
0 0.00 0.0 4.4482 37.0 55.5 74.0 29.7 44.5 59.4 9.5 14.3 19.0
Max	Inelastic	Displacement Shear	Deflected	Shape Flexural	Deflected	Shape
Building	Information Moment	(kN-m)
